Objectives: The aim of this study was to assess the cost effectiveness of multiple competing diagnostic strategies for suspected scaphoid fractures.
INTRODUCTION
Only a minority of patients with suspected scaphoid fractures (ie, with injury history and positive clinical signs for scaphoid fractures but negative initial scaphoid radiographs) have a true scaphoid fracture. 1 Given the potential for nonunion with a missed fracture, questionable injuries are traditionally managed with initial immobilization for a 2-week period and then reevaluated. This strategy results in unnecessary immobilization for many patients, which leads to productivity loss. 2, 3 To reduce unnecessary immobilization, investigators evaluated the diagnostic accuracy of magnetic resonance imaging (MRI), computed tomography (CT), and bone scans for a suspected scaphoid fracture. They reported excellent performance characteristics for these tests and proposed their routine. [4] [5] [6] The indiscriminate use of these tests, however, increases the cost of medicine. 7 In addition to the diagnostic accuracy of a test, its impact on clinical outcome and overall cost are both part of the decision-making process. 8 Although the economics of a diagnostic MRI versus follow-up radiographs for patients with suspected scaphoid fracture has been evaluated, 2, 3, 7, [9] [10] [11] [12] the cost effectiveness of other management approaches, including CT, bone scan, and follow-up radiographs in combination with MRI, CT, or bone scan, has not been determined.
In this study, using a decision-analytic model and published information, we attempted to assess the cost effectiveness of multiple competing diagnostic strategies in the evaluation of patients with suspected scaphoid fractures.
MATERIALS AND METHODS

Decision-Analytic Model
We created a decision-tree model comparing 7 diagnostic strategies for suspected scaphoid fracture with TreeAge Pro 2011 software (TreeAge Software, Williamstown, MA) (see Figure, Supplemental Digital Content 1, http://links.lww.com/BOT/A323, which depicts the decision tree outlining the consequences of 7 diagnostic strategies for suspected scaphoid fractures).
Strategy 1 (Week 2 Radiographs Alone)
Patients with suspected scaphoid fracture were managed with initial cast immobilization for 2 weeks and then are reevaluated with radiographs. The findings of the repeat radiographs secured the definitive diagnosis.
Strategy 2 (Week 2 Radiographs-CT)
Patients were managed with initial cast immobilization for 2 weeks and reevaluated with radiographs and physical examination. If week 2 radiographs were positive, the diagnosis of fracture was established. If both the radiographs and examination were negative, the diagnosis of fracture was excluded. Patients with negative week 2 radiographs but positive clinical signs were further evaluated with a CT for a definitive diagnosis.
Strategy 3 (Week 2 Radiographs-MRI)
Strategy 3 is same as Strategy 2 except that an MRI was substituted for the CT scan.
Strategy 4 (Week 2 Radiographs-Bone Scan)
Strategy 4 is same as Strategy 2 with bone scan substituted for the CT scan.
Strategy 5 (Immediate CT)
This evaluated all patients with CT in the emergency setting.
Strategy 6 (Day 3 MRI) and Strategy 7 (Day 3 Bone Scan)
Patients were initially immobilized with a splint for 3 days and then evaluated with an MRI or bone scan, respectively. To compare with week 2 radiograph-based strategies, we extended Strategies 5, 6, and 7 up to 2 weeks, that is, the patients with positive test finding were immobilized for 2 weeks.
We modeled immediate CT because CT has been widely used in the emergency setting. Immediate MRI is only available in some institutions 10, 13 ; therefore, we primarily modeled day 3 MRI. As an alternative scenario, we replaced day 3 MRI with immediate MRI in the model and repeated the analyses.
We adopted the societal perspective in the analysis, adding up all costs irrespective of payor. We included the costs of healthcare and the costs of lost productivity. Because of the short time horizon of 2 weeks, we did not consider the discount rate of the costs. Table 1 lists all parameters of the model. The prevalence of true fracture among suspected scaphoid fracture was derived from studies that prospectively or consecutively recruited at least 50 patients with suspected scaphoid fractures and confirmed scaphoid fracture with MRI or radiographs with follow-up of at least 6 weeks. 4, 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] The weighted mean (the numbers of patients with a clinical condition reported in different studies were summed and then divided by the sum of the total number of patients in each study) was used as the baseline value, and the range obtained from these studies was used for the sensitivity analysis. One prospective study provided the probability of positive clinical signs of patients with suspected scaphoid fracture at 2 weeks after injury. 14 We derived test performance characteristics from 3 meta-analyses. [23] [24] [25] Two studies 23, 24 pooled the estimates of performance characteristics of MRI, CT, and bone scan for diagnosing a suspected scaphoid fracture using the repeat radiographs as the reference standard. The third study 25 acknowledged the lack of a reference standard for diagnosing suspected scaphoid fractures and combined the meta-analysis with a latent class analysis, which evaluates the accuracy of tests in the absence of a reference standard. Results showed that repeat radiographs had a lower sensitivity than MRI or bone scan, and its estimate of CT sensitivity was lower than that reported in other studies. We adopted its estimates of performance characteristics of repeat radiographs, acknowledging that repeat radiographs are not the reference standard for the diagnosis of suspected scaphoid fractures. To obtain the performance characteristics of MRI, CT, and bone scan, we calculated the mean of the point estimates reported in these 3 meta-analyses as baseline values and superimposed the estimated intervals to produce a wider range used for sensitivity analyses. We estimated medical costs using 2013 Medicare reimbursement national payments. 26 The Panel on Cost Effectiveness in Health and Medicine recommends using wages corresponding to the target population to assess productivity cost. 28 We estimated the cost of lost productivity using the US average weekly wage ($769 per week), as obtained from the US Bureau of Labor Statistics, 27 multiplied by the time away from work. Individual patients have differing time away from work caused by immobilization depending on the nature of their work, and similarly, they have a range of earnings. Therefore, we varied the amount of lost productivity to account for these variances (ie, cost of lost productivity = weekly wage · duration of immobilization · percentage of productivity loss). One clinical trial reported the median percentage of productivity loss resulting from wrist immobilization as 50%. 2 We used 50% as the baseline value and considered the range from 0% to 100% in our sensitivity analysis.
Clinical and Cost Variables
Analytical Methods
First, we performed base case analysis with the input parameters at their baseline values. The primary clinical outcome we considered was that a scaphoid fracture was correctly detected (true-positive findings). We also considered the false-positive diagnosis of scaphoid fractures. Cost outcomes included the total cost per patient, the healthcare cost, and the cost of lost productivity. We compared each diagnostic strategy with the previous less costly alternative to calculate incremental cost-effectiveness ratio (ICER), which expresses the incremental cost per incremental scaphoid fracture detected using a strategy. By example, the strategies are sorted from least costly to most costly: B, A, and C. The ICER of strategy A compared with strategy B equals (cost strategy A 2 cost strategy B )/ (detection of fracture strategy A 2 detection of fracture strategy B ). The ICER of strategy C compared with strategy A equals (cost strategy C 2 cost strategy A )/(detection of fracture strategy C 2 detection of fracture strategy A ). Before calculating ICER, we excluded strategies that were "dominated": known to be both less effective and more costly than at least one other strategy. We also eliminated strategies that were "extendedly dominated": having a higher ICER than a more costly and effective strategy. 29 For example, if strategy D is more costly than B but less costly than A and the ICER of D compared with B is larger than ICER of A compared with D, strategy D will be eliminated because of extended dominance.
The incremental cost-effectiveness analysis is motivated by the assumption that the decision maker is willing to spend more for the incremental outcome than its value. For example, if the ICER of strategy A compared with strategy B is $10,000 for each additional scaphoid fracture detected and the decision maker is willing to pay at least $10,000 to detect the scaphoid fracture, strategy A will be more cost effective than B. If the decision maker's willingness to pay for each scaphoid fracture detected is less than this amount, strategy B will be more cost effective than A.
Second, using the parameter ranges specified in Table  1 , we performed 1-way sensitivity analyses in which individual parameters were varied across its range whereas all other parameters remained at their baseline values. If strategy "dominance" changed when a parameter varied through its range, the model was deemed to be sensitive to this parameter. The parameter value at which the strategy "dominance" changed was then identified as a threshold value. Finally, we performed "worst case scenario" and "best case scenario" sensitivity analyses; "worst" was set using the lower limit of sensitivities and specificities of all the tests and "best" was set as the higher limit. Table 2 presents the base case results. The contenders for cost effectiveness (those strategies that maximized the detection of a scaphoid fracture for a given level of cost) were immediate CT, day 3 MRI, and week 2 radiographs-MRI. Performing an immediate CT marginally minimized the detection of scaphoid fractures but was also the lowest cost strategy. Day 3 MRI was immediately more costly than an immediate CT but was also associated with an incremental scaphoid fracture detection rate of 9 of 1000 patients. The ICER of day 3 MRI compared with immediate CT was approximately $32,000 for each scaphoid fracture detected. Week 2 radiographs-MRI marginally maximized the detection of scaphoid fractures. Compared with day 3 MRI, however, the scaphoid fractures detected per 1000 patients using week 2 radiographs-MRI increased by only 2 of 1000 patients and with an incremental cost of $411 per patient. Therefore, the ICER of week 2 radiographs-MRI compared with day 3 MRI was very high, about $170,000 for each scaphoid fracture detected.
RESULTS
Base Case Analysis
Week 2 radiographs alone and day 3 bone scan produced less detection of scaphoid fractures at greater costs (were dominated by) than day 3 MRI. Week 2 radiographs-bone scan and week 2 radiographs-CT were dominated and extendedly dominated respectively by week 2 radiographs-MRI.
One-Way Sensitivity Analyses
Through the range of the sensitivity of tests, immediate CT was constantly a contender for cost effectiveness, whereas week 2 radiographs alone never was. When CT sensitivity increased, day 3 MRI had sharply increasing ICER and was extendedly dominated by week 2 radiographs-CT at CT sensitivity of .95%. It was also extendedly dominated by day 3 bone scan at the higher limit of the range for bone scan sensitivity or MRI sensitivity of ,97% (Table 3) .
When the lost productivity caused by immobilization was slight, the contenders for cost effectiveness were week 2 radiographs alone, week 2 radiographs-CT, and week 2 radiographs-MRI. Day 3 bone scan and week 2 radiographsbone scan were never cost effective through the range of lost productivity. When the cost of lost productivity per week immobilized exceeded $62, a week 2 radiograph-alone strategy was no longer a consideration for cost effectiveness, whereas immediate CT, yielding the lowest costs, became a contender for cost effectiveness. When the cost of lost productivity exceeded $120, day 3 MRI became a contender for cost effectiveness. When that cost exceeded $160, however, week 2 radiographs-CT became too expensive and was excluded from the contenders (Table 4) .
Changes in the true fracture prevalence did not alter the dominance of these strategies but altered their ICERs; increasing the prevalence of true fracture reduced the ICERs substantially (Table 4) . Changes in the probability of positive clinical signs at 2 weeks after injury and the tests specificity did not alter the results of cost effectiveness from base case analysis.
Worst Case Scenario and Best Case Scenario Sensitivity Analyses
Given that changes in the cost of lost productivity had an impact on the strategies dominance, we varied the cost of lost productivity across its range in both worst case scenario and best case scenario sensitivity analyses. In these analyses, immediate CT remained the least expensive contender for cost effectiveness throughout most of the lost productivity range; day 3 MRI, the next least costly contender (Table 5 ).
An Alternative Model: Performing Immediate MRI
Performing an MRI in an emergency setting yielded lower costs than a day 3 MRI because of the reduced costs associated with unnecessary immobilization and physician revisit. When all input data were at their baseline value, the ICER of immediate MRI compared with immediate CT was $7483 per scaphoid fracture detected. As true fracture prevalence increased from 4% to 31%, the ICER of immediate MRI compared with immediate CT decreased from $24,400 to $4000 per scaphoid fracture detected. Immediate MRI was dominated by immediate CT at the CT sensitivity of the higher limit of the range tested and extendedly dominated by day 3 bone scan at the MRI sensitivity of the lower limit. At the baseline value of performance characteristics of all tests and both worst case scenario and best case scenario values, immediate CT was the least expensive contender for cost effectiveness across most of the lost productivity range; immediate MRI, the next least costly contender.
DISCUSSION
Our analyses show that, in most cases, immediate CT, immediate MRI, and day 3 MRI are more cost effective than follow-up radiograph-based strategies and day 3 bone scan. Performing an MRI after a few days of immobilization appears to be more cost effective than immediate CT if a high willingness-to-pay threshold for each scaphoid fracture detected is accepted. If MRI is available in emergency setting, it is cost effective at a much lower willingness-topay threshold. Only when the lost productivity caused by immobilization is slight, week 2 radiographs alone and week 2 radiographs-CT are cost effective.
The decision maker's willingness-to-pay threshold for each scaphoid fracture detected can affect the choice of the optimal strategy. However, this threshold, which may incorporate the direct and indirect costs of treatment for potential scaphoid nonunion and medicolegal cost in missed fractures, is difficult to determine. Therefore, we cannot establish 1 single optimal strategy because of the lack of reference willingness-to-pay thresholds, but our framework and analyses provide the basis for making educated decision across different cost-effectiveness thresholds.
At a given willingness-to-pay threshold, the decision is subject to the pretest probability (prevalence) of true fracture among suspected scaphoid fractures. For example, if we accept the threshold of $10,000 per scaphoid fracture detected, immediate CT is the optimal strategy at lower levels of fracture pretest probability, whereas immediate MRI is more appropriate at higher levels. Although the pretest ‡Threshold value: when the cost of lost productivity per week immobilized was less than this amount, Week 2 radiographs alone was a contender for cost effectiveness; rose to this amount, week 2 radiographs alone was extendedly dominated whereas immediate CT became a contender.
§Threshold value: when the cost of lost productivity per week immobilized rose to this amount, day 3 MRI became a contender for cost effectiveness. kThreshold value: when the cost of lost productivity per week immobilized was less than this amount, week 2 radiographs-CT was a contender for cost effectiveness; rose to this amount, week 2 radiographs-CT was extendedly dominated.
probability of true scaphoid fracture is hard to know, some investigators have tried to develop clinical prediction rules for this probability of true fracture after suspected injury to the scaphoid. 14, 30 It is important to note that our results are most relevant to the US societal context and on the basis of the societal perspective. Costs of healthcare and lost productivity differ between different countries. Furthermore, the costs depend on whose the perspective is. For example, from the perspective of the payer (the private insurance system or public health insurance plan), the costs do not include the lost productivity. From the perspective of an insured patient, the costs would include the payment needed to make up the shortfall in what the insurer will pay for (copayment) and the lost earnings because of the time from work, which will to some extent depend on the employer's sickness absence policy. The societal perspective, which might be adopted by a policy maker, represents the public interest rather than that of any group and is the most comprehensive one; all others are the subsets of the societal perspective. Therefore, different perspectives may lead to disagreements between policy makers, healthcare payers, and patients with respect to the preferred strategy.
Several studies have looked at the economics of diagnosis of suspected scaphoid fracture. 2, 3, 7, [9] [10] [11] [12] 31 A modeling study from the United Kingdom suggested that early MRI was more expensive than follow-up radiographs, early CT, and bone scan. 7 However, another modeling study from an American hospital showed that the medical costs were nearly equivalent comparing immediate MRI with follow-up radiographs protocol. 10 This result was similar to that of clinical studies from Austria, 9 New Zealand, 11 and United Kingdom. 12 None of the above studies quantified the cost of lost productivity, but all suggested that early MRI was more cost effective than follow-up radiographs strategy when lost productivity was considered. 7, [9] [10] [11] [12] Two clinical controlled trials from Australia 2 and Denmark 3 incorporated cost of lost productivity, and both showed that early MRI was cost effective compared with a repeat radiographs protocol. 2, 3 An early bone scan was also suggested to be more cost effective than repeat radiographs in a modeling study, 31 but an editorial pointed out that this conclusion was based on a selective use of literature and was not justified. 32 Unlike these previous studies, we systematically gathered published evidence and, using incremental costeffectiveness analysis, compared multiple competing strategies in a decision-analytic model.
Our study has several limitations. First, soft tissue injuries (eg, scapholunate ligament tear) and other fractures around the wrist also may happen to patients with suspected §Threshold value: when the cost of lost productivity per week immobilized was less than this amount, week 2 radiographs alone was a contender for cost effectiveness; rose to this amount, week 2 radiographs alone was extendedly dominated whereas immediate CT became a contender.
kThreshold value: when the cost of lost productivity per week immobilized rose to this amount, day 3 MRI became a contender for cost effectiveness whereas week 2 radiographs-CT was extendedly dominated.
¶Threshold value: when the cost of lost productivity per week immobilized rose to this amount, day 3 bone scan became a contender for cost effectiveness whereas week 2 radiographs-MRI was extendedly dominated. scaphoid fracture and require immobilization and time off work, but we did not incorporate them in the model. The data regarding the prevalence of these injuries and the diagnostic performance characteristics of tests for these injuries are scarce. If these injuries are included in the model, the results of the cost-effectiveness analysis might be similar to that of increasing the prevalence of true scaphoid fracture; these strategies will present better cost effectiveness (lower ICERs), especially immediate or day 3 MRI because MRI has higher sensitivity for detecting fractures and additional advantage of detecting soft tissue injuries.
Second, our major concern about the clinical outcome in patients with suspected scaphoid fractures is a scaphoid nonunion. The number of scaphoid nonunions prevented, therefore, may be a more clinically relevant effectiveness measure. However, we did not consider the downstream treatment effect because of the great uncertainty. The true fractures among suspected scaphoid fractures may present at various anatomic locations with different obliquity of the fracture line, 33 and some may be incomplete cortical disruption or purely trabecular fractures without cortical disruption. 15, 34 Therefore, some fractures may require shorter period of immobilization or no immobilization at all. The progression of an untreated radiologically occult fracture is unclear. 7 Finally, we used 2013 Medicare data to estimate medical costs, but the Medicare patient age group is not the typical patient demographic for this clinical conundrum. However, the Medicare data represent a standardized cost structure and a reasonable proxy for economic cost. 35 It has been applied in the economic analysis of treatment for acute scaphoid fractures. 36 Furthermore, most non-Medicare payer, including Medicaid and private payers, have adopted the Medicare system. 37 In conclusion, immediate CT and MRI were the most cost-effective strategies for diagnosing suspected scaphoid fractures, except for the cases in which wrist immobilization only slightly influences the patient's productivity. Some factors will influence the preference between CT and MRI, including availability of MRI in emergency setting, willingness-to-pay threshold for each scaphoid fracture detected, and pretest probability of true fractures among suspected scaphoid fractures.
